Studies suggests that stimulation of the left dorsolateral prefrontal cortex (DLPFC) reduces food craving in bulimic patients, but evidence supporting rTMS as a therapeutic tool is lacking.We investigated the safety and therapeutic efficacy of an adjunct high-frequency rTMS program targeting the left DLPFC. Forty-seven females with bulimia nervosa were randomised to a real or sham stimulation group. The real group underwent ten rTMS sessions, each consisting of 20 trains of 5 seconds with 55-second intervals between trains, at a frequency of 10 Hz. The main outcome was the number of binge episodes in the 15 days following the end of stimulation. Overall, no significant improvement in binging and purging symptoms was noted after the program. rTMS was well tolerated. This suggests that ten sessions of high-frequency rTMS to the left DLPFC provide no greater benefit than placebo.
Introduction
Eating disorders (EDs) are serious mental illnesses (Klump, Bulik, Kaye, Treasure, & Tyson, 2009) . The data indicate that the overall prognosis for individuals with bulimia nervosa (BN) remains unsatisfactory, with less than half the patients attaining full remission and about a quarter experiencing a chronic course (Steinhausen & Weber, 2009) . Mortality is increased in BN, especially by suicide (Standardized Mortality Ratio: 6.9) (Crow et al., 2009) .
Moreover, EDs affect the quality of life of both the patients and their families (Zabala, Macdonald, & Treasure, 2009) , and individuals with these disorders have particularly high rates of health service use Striegel-Moore et al., 2008) .
The most frequent treatment for BN is the cognitive behavioural therapy program especially developed for EDs (Fairburn, Cooper, & Shafran, 2003) . Nevertheless, the posttreatment results remain unsatisfactory in terms of remission, with an end to binge-eating episodes achieved in only 37% of BN patients (Hay, Bacaltchuk, Stefano, & Kashyap, 2009 ).
Other psychotherapies have been proposed and the most frequently proposed pharmacological alternative is serotonergic antidepressants, which at least improve the medium-term symptomatology, but again not enough (Treasure, Claudino, & Zucker, 2010) . Thus, there is an indisputable need for novel, brain-directed adjuncts to treat BN.
Repetitive transcranial magnetic stimulation (rTMS) is now widely used in a variety of neurological and psychiatric disorders. A growing body of data suggests that high-frequency stimulation of the left dorsolateral prefrontal cortex (DLPFC) decreases craving in smoking, alcoholism and cocaine addiction (for review Jansen et al., 2013) ).
BN-individuals display aberrant patterns of prefrontal cortex activity during wide range of experimental task and BN are assumed to have an addictive component (for rewiew see Hadad et al 2014 (Hadad & Knackstedt, 2014 ). There are also evidences that food craving is associated with DLPFC activity (Kekic et al., 2014) and previous study found that the capacity for self-control depends on DLPFC activity levels (Hare, Camerer, & Rangel, 2009 )Thus, it is possible that rTMSof the DLPFC could reduce overeating behaviours by reducing food cravings and by improving cognitive control. The impact of one session of rTMS on food craving was assessed in healthy subjects with high levels of craving (Uher et al., 2005) and in subjects with BN or other binge-eating disorders (Van den Eynde et al., 2010) . These studies showed that high-frequency stimulation of the left DLPFC reduced food craving. In addition, the anxiety induced by viewing food stimuli (measured by salivary cortisol) was significantly decreased after rTMS in young women with BN (Van den Eynde et al., 2010) . Furthermore, in a recent study using near-infrared spectroscopy in eight patients with BN, a significant decrease in cerebral oxygenation of the left DLPFC was also observed after a single session of rTMS during cognitive tasks measuring self-regulatory control in response to food and photo stimuli (Sutoh et al., 2016) . Yet solid evidence of rTMS as a therapeutic tool in bulimia is lacking. Only one randomised controlled trial with repeated sessions has been published thus far. This study assessed the effects of 15 sessions of rTMS over three weeks in BN patients (Walpoth et al., 2008) . The authors found no significant difference between the two groups. However, this negative result might be related to the lack of power due to the small sample size (n = 14, 7 per group).
We performed a randomised controlled trial in a large sample of SSRI-resistant BN patients to assess the effect of a two-week program of high-frequency rTMS on the left DLPFC and the bulimic symptoms in the following weeks. We hypothesized that an rTMS program would significantly decrease the number of binge episodes compared with a sham group.
Material and Methods

Study design and participants
Over a two-year period, we screened female patients with a current diagnosis of bulimia nervosa followed in the outpatient departments in two academic centres in France (Montpellier and Saint Etienne). Inclusion criteria were BN for at least six months according to DMS-IV criteria, right-handed for safety reasons (Van den Eynde et al., 2010) , no improvement under SSRI treatment at adequate and stable dose (i.e. 40 to 60 mg of Fluoxetine) for at least five weeks, and age between 18 and 40 years.
Exclusion criteria were contraindication to rTMS determined by the Adult Safety Screen Questionnaire (Rossi, Hallett, Rossini, & Pascual-Leone, 2009 ), previous exposure to rTMS, ongoing psychotherapy for BN (e.g. current CBT), pregnancy as ruled out by a pregnancy test, and refusal to use effective contraception for the entire rTMS program.
Diagnosis was made with the eating disorders module of the Structured Clinical Interview for DSM-IV, Axis I Disorders/Patient Version. The study was approved by the local ethics committee (CPP SudMéditerranée IV) and written informed consent was obtained from all participants. The study has been registered in a clinical trial database (ClinicalTrials.gov Identifier: NCT01530906).
The participants were evaluated at baseline using open questions to assess the eating disorder history and features (number of binges, number of vomiting episodes, etc.) over the previous 15 days. In addition, EDs were assessed with the Eating Disorder Inventory 2 (EDI-2) (Gardner, 1991) . This six-point self-report questionnaire assesses specific attitudes or behaviours concerning eating, weight and body shape, bulimia, and personality traits like perfectionism and body dissatisfaction. Lifetime Axis I psychiatric diagnoses were made according to the DSMI-IV, using the French version of the lifetime Mini International Neuropsychiatric Interview (Sheehan et al., 1998) , and current mood state was assessed using the Montgomery-Asberg Depression Rating Scale (MADRS).
After the initial visit, participants were randomly assigned to either the real rTMS or the sham rTMS group. The randomisation was stratified by centre and was prepared with random blocks of four participants. In each centre, two researchers were in charge of the protocol, with one conducting the rTMS and the other performing the clinical assessment. The latter researcher and the participants were blind to the rTMS (real or sham) allocation. In the two consecutive week following baseline assessment, the participants received ten sessions of real or sham rTMS (from Monday to Friday). The number of sessions was based on a study focussing in cigarette consumption with similar design (Amiaz, Levy, Vainiger, Grunhaus, & Zangen, 2009 ). After each session, they were screened for safety issues and at sessions 1 and 10 they were asked to guess whether they had received real or sham rTMS. Between 15 and 21 days after the end of the rTMS sessions, they were reassessed for behaviour over the previous 15 days. The final assessment included the number of binges and other purging behaviours in the last 15 days, the maximum intensity of craving in the episode judged by the patient as the most important, and mood (by MADRS).
rTMS procedure
Trained psychiatrists performed the stimulation with a figure-of-eight air-cooled coil (focal coil) attached to a rapid Magstim Stimulator (Magstim Company Ltd., Whitland, UK) placed over the left dorsolateral prefrontal cortex. Theresting motor threshold (RMT) was identified as the minimum magnetic field strength required to produce left thenar muscle visual activation by single TMS pulses delivered to the contralateral motor cortex for at least five of the ten trials. The coil placement for the defined DLPFC stimulation was 6 cm anterior to the motor cortex hotspot (Ahdab, Ayache, Brugieres, Goujon, & Lefaucheur, 2010) . The stimulation site was outlined on a cap, which was repositioned at each rTMS session. Based on previous research (McClelland, Bozhilova, Nestler, et al., 2013; Uher et al., 2005; Van den Eynde et al., 2010) , each rTMS session consisted of 20 trains of 5 seconds with 55-second intervals between trains, at a frequency of 10 Hz and a motor threshold intensity of 110%, for a total of 1000 pulses per session in 20 minutes. Sham treatment was delivered just like active treatment, differing only by the use of a specially designed sham.
Outcome measures
The main outcome was the number of binge episodes in the 15 days before the final visit. The secondary outcomes were related to the characteristics of the binge episodes and the number of vomiting episodes before the final visit, the mood at the final visit, and the modification in the outcomes before and after the baseline and final assessments.
Statistical analysis
The sample is described using percentages for categorical variables and medians and range for quantitative variables; the latter were mostly skewed according to the Shapiro-Wilk test. Demographic and clinical characteristics were compared between the sham and real rTMS groups using the Chi-square test or Fisher's exact test for categorical variables and the Mann-Whitney test for continuous variables (Tables 1 & 2) . Wilcoxon's signed-rank test compared repeated measurements (measurements prior to rTMS and 15 days after rTMS in each group). Both intention-to-treat and per-protocol analyses for the primary outcome (binge episodes) were conducted. The analysis in intention to treat used last observation carried forward and the analysis in per protocol took account only patients who complete the entire clinical trial. Significance level was set at p < 0.05. Analyses were performed with SAS statistical software (version 9.4; SAS Inc., Cary, NC, USA).
Results
Participant screening and selection (Figure 1)
One hundred and six patients were approached after screening in our active file or responded to our advertisement. Among them, 51 were included (24 in Montpellier and 27 in Saint Etienne), 21 did not meet the inclusion criteria, 18 met the non-inclusion criteria, and 16 refused to participate. Five participants had BMI below 17.5 kg/m 2 but met all the BN criteria and were thus recruited for the study. Patients were randomly allocated to either the real rTMS (n=26) or sham rTMS (n=25) group. Four participants did not begin the study: two withdrew their consent and two were excluded because technical problems with the rTMS machine made it impossible to carry out the protocol.
Thus, 47 participants were included in the analysis. Nevertheless, five participants were lost to follow-up (2 in the sham and 3 in the rTMS group): one after the inclusion visit, one after the first rTMS session, one after the ninth session, and two after the tenth session.
Baseline characteristics (Table 1) At baseline, the two groups were not statistically different for any of the demographic or ED characteristics, with the exception of a borderline difference for alcohol/substance abuse and perfectionism (p=0.05 for these two comparisons). The participants were also not significantly different regarding other lifetime history of comorbid psychiatric disorders and current mood state. The mean duration of the disease in the entire population was six years (0-25) and more than half of the participants (55%) had previously been diagnosed with anorexia.
Between group comparison at final visit (Table 2) The two groups showed no significant differences for either the primary outcome (number of binges in the 15 days before the final visit) or the secondary outcomes (features of binge episodes, number of days without binging, maximal craving before a binge, number of vomiting episodes, mood). The results remained unchanged in per-protocol or intention-to-treat analyses and also remained similar after participants with BMI below 17.5 were excluded from analysis.
Within-group comparison between initial and final visit(Figure 2)
No significant improvement between the initial and final visit was observed in either group for the number of binge episodes (p=0.49 for sham group and p=0.57 for real rTMS group) or for the number of vomiting episodes (p=0.21 for sham group and p=0.07 for real rTMS group). MADRS showed a borderline significant decrease, indicating an improvement in mood, in the real rTMS group only (p=0.05). The results remained unchanged in perprotocol and intention-to-treat analyses and also remained unchanged after participants with BMI below 17.5 were excluded from analysis.
Safety
Overall, the tolerance was good. Three participants experienced safety issues during the trial. One participant in the sham group made a suicide attempt between the end of rTMS and the final visit (related to an acute adverse life event). Another participant in the sham group and one in the real group experienced headaches after respectively session 3 and session 8. The headaches responded to painkillers and these two participants completed the entire protocol.
Blinding efficacy
Questions to determine the blinding efficacy revealed that only three of the 24 patients in the sham group and five of the 23 in the real rTMS group guessed their allocation correctly with a level of certitude above 50%, either in session one or in session ten suggesting the good efficacy of blinding.
Discussion
Our results suggest that the addition of ten sessions of high-frequency rTMS to the left DLPFC in patients with bulimic symptoms treated by adequate doses of SSRI does not yield greater benefits than placebo. Our results also suggest that rTMS is safe and well-tolerated in these patients. This agrees with the findings of the only small, randomised controlled trial focused on clinical outcomes (Walpoth et al., 2008) .
Most studies in the addiction field that have investigated rTMS have evaluated its impact on craving and not on substance use or eating behaviour.
Noninvasiveneuromodulation using rTMS has been found to be effective in reducing craving in several types of substance dependence (nicotine, alcohol, cocaine and methamphetamine) and eating disorders (food craving, Anorexia, BN and EDs not otherwise specified) with a medium effect size, particularly in bulimic disorders (Grall-Bronnec & Sauvaget, 2014; Jansen et al., 2013; Sauvaget et al., 2015) . Nevertheless, it can be hypothesized that the changes in craving induced by neuromodulation of the left DLPFC are not sufficient to have a clinical impact. Indeed, the data in the addiction literature are heterogeneous about the extent to which craving is associated with measures of drug-use behaviour or predictive of relapse.
Also, studies are still needed to identify the conditions under which craving is more strongly associated with drug use (Tiffany & Wray, 2012) .
Another factor that might need to be considered is the variability in brain activity related to metabolic state, which would affect the resting brain state and the neuromodulatory response. Patients with BN usually follow restrictive diets that could have substantial effects on brain excitability and the sensitivity/response to neuromodulation (Val-Laillet et al., 2015) . Furthermore, bias in sham stimulation has been suggested as being sometimes perceptible in rTMS (Broadbent et al., 2011) . For example, (Barth et al., 2011) found that with an improved sham control condition, prefrontal rTMS inhibited food cravings no better than sham rTMS.
The good blinding efficacy might explain the lack of difference between our two groups.
An alternative hypothesis is that methodological problems affect the results. For example, we cannot rule out that the absence of neuronavigation had an impact on our results, even though only one study in the addiction field (Herremans & Baeken, 2012) has used this targeting method. MRI-based neuronavigation is much more precise and has been shown to improve the therapeutic effects on diseases like depression (Fitzgerald, Hoy, Daskalakis, & Kulkarni, 2009; Nauczyciel et al., 2011; Schonfeldt-Lecuona, Cardenas-Morales, Freudenmann, Kammer, & Herwig, 2010) , auditory hallucinations (Klirova et al., 2013) and pain (Ahdab et al., 2010) . Also, the participants in our protocol had ten rTMS sessions. The therapeutic benefit in depression was found to be higher for a higher number of sessions (Lam, Chan, Wilkins-Ho, & Yatham, 2008) or for more than ten sessions (Gershon, Dannon, & Grunhaus, 2003) . Multiple rTMS sessions per day may also be a promising therapeutic development, as recently shown in depression (Baeken et al., 2013) . Also we have only used behavioral measures that may be not sensitive enough. It would have been interesting to add some neuroimaging measure more sensitive to change. Regarding the stimulation parameters, we used high-frequency stimulation (10 Hz) and a suprathreshold intensity (110% of RMT), with a total of 1000 pulses per session, in line with most studies in the field of addictive and eating disorders (Grall-Bronnec & Sauvaget, 2014; Hone-Blanchet, Ciraulo, Pascual-Leone, & Fecteau, 2015) ; these last two parameters are thought to be predictive rTMS response factors in depression (Gershon et al., 2003; Lee, Blumberger, Fitzgerald, Daskalakis, & Levinson, 2012; Mantovani et al., 2012; McDonald et al., 2011) . It should also be noted that our sample was made up of patients with severe disorders resistant to a validated treatment for BN (i.e. fluoxetine) and/or with long-lasting disorders, and more than half of them had previous diagnoses of anorexia nervosa. Given that these last two characteristics are markers of poor therapeutic response (Eddy et al., 2007) , it would be interesting to assess a less severe population in future studies, as has usually been done in studies assessing the efficiency of SSRIs to treat bulimia (Romano, Halmi, Sarkar, Koke, & Lee, 2002) . Finally, the absence of associations may be related to the effect size and we cannot exclude a lack a statistical power.
Nevertheless, based on the present results, with a mean binge episodes difference between the two groups equal to 5.33, a common SD equal to 14.31, a power of 80%, a type I error of 0.05, 115 patients per group would needed to expect a significant difference between groups.
We targeted the left DLPFC in this study, but alternative targets should be considered for bulimic disorders. The right DLPFC has rarely been chosen in the addiction field; however, a recent meta-analysis of eight studies focused only on substance addiction found that active rTMS of the right DLPFC showed better results than sham (Enokibara, Trevizol, Shiozawa, & Cordeiro, 2016) . Another target of particular interest that is accessible to rTMS is the dorsomedial prefrontal cortex (DMPFC). The DMPFC plays an important role in selfregulation, including self-suppression of emotional response and impulse control. Thus, it has been hypothesized that stimulation of the medial prefrontal cortex using rTMS may alter the top-down executive control of the DMPFC to striatal regions associated with the urge to binge and purge, thereby improving BN symptoms. In a case report, Downar et al. (Downar, Sankar, Giacobbe, Woodside, & Colton, 2012) found a dramatic reduction in binge episodes in a woman with severe, refractory BN who underwent treatment for comorbid depression that targeted the DMPFC. In a subsequent study, the same team reported the outcomes of 28 subjects with refractory binge/purge behaviour who underwent 20-30 sessions of neuronavigated 10-Hz DMPFC rTMS. They reported that 16 of the 28 subjects showed at least 50% improvement in weekly binge/purge frequency after rTMS. Comparing responders versus non-responders, they found that enhanced frontostriatal connectivity was associated with the responders for binge/purge behaviours. Even though the open design did not allow firm conclusions to be drawn, these studies strongly suggest the interest of further work targeting the DMPFC in BN. Other targets have also been explored in the addiction field with promising results: high-frequency stimulation of the superior frontal gyrus (Rose et al., 2011) , the anterior insula and the lateral prefrontal cortex using a unique H-coil design (Dinur-Klein et al., 2014) in tobacco use disorder, as well as inhibition of the medial prefrontal cortex in cocaine use disorder using continuous theta burst stimulation (Hanlon et al., 2015) .
Transcranial direct current stimulation (tDCS) is another noninvasive brain stimulation method recently explored in the field of addiction, with results similar to those with rTMS (Jansen et al., 2013) . A recent review suggested the efficacy of tDCS applied to the DLPFC in reducing food craving Tiffany & Wray, 2012) . Most of the studies included patients with bulimia nervosa, as most participants were defined as healthy subjects with frequent food cravings (Fregni et al., 2008; Goldman et al., 2011; Kekic et al., 2014; Lapenta, Sierve, de Macedo, Fregni, & Boggio, 2014) . Nevertheless, in a recent study, Burgess et al (Burgess et al., 2016) found ameliorating effects of tDCS in a sample of people with binge eating disorders.tDCS might be an alternative to rTMS and merits further assessment in clinical studies.
A notable observation in this study concerns the participants' patterns of response.
Although many of the participants showed a marked improvement, a large proportion did not improve or even showed deterioration when exposed to real rTMS. This needs to be put into perspective, given the difficulty in clearly defining the bulimic phenotype. Steiger et al., for example, suggested three subtypes of bulimic disorders (Steiger & Bruce, 2007) : the psychologically intact although perfectionistic type, the overregulated or compulsive type, and the dysregulated or impulsive type. The latter is associated with higher rates of comorbidity, developmental disturbances and possibly also poorer treatment outcome. Very few of the studies thus far (including rTMS) have stratified the subtypes or dimensions of the disorder. We speculate than only certain BN subtypes would benefit from a program of rTMS. This is supported by NIMH recognition of EDs as brain-based mental disorders and the subsequent development of the Research Domain Criteria (RDoC) (Chavez & Insel, 2007; Insel et al., 2010) . Some authors (Dunlop, Woodside, & Downar, 2016; Hanlon et al., 2015) have gone so far as to state that a single 'optimal' protocol for all individuals is highly unlikely and suggest selecting targets based on the neural substrates of phenotypes, as described by the RDoC. The strategies that have been proposed parallel those for substance addiction: damping negative valence systems (prefrontal cortex and insula excitatory stimulation to attenuate amygdala-dependent negative processing), enhancing cognitive/impulse control over urges to binge and purge (excitatory stimulation of the nodes of the salience network, including the DLPFC and insula), or suppressing urge intensity (frontopolar and ventromedial sites inhibitory stimulation).
In conclusion, although rTMS was well-tolerated, we found no evidence that ten sessions of high-frequency rTMS to the left DLPFC provided a greater benefit than placebo in treating bulimic symptoms in a large sample of patients. We strongly encourage future studies to build on these results in order to improve the methodology and investigate alternative designs, samples, and brain targets. 
